Abstract Urbanization involving replacement of previous areas with impervious surfaces and drainage channel modifications results in increased runoff volume leading to flooding and also in deteriorating the quality of the stormwater runoff. An effective and efficient stormwater management is needed in the urban areas for mitigating the impacts and overcoming the problems associated with the urban stormwater. An attempt has been made in the present study to investigate the relationships between stormwater quality and five different land uses for the Patiala city of Punjab State. Stormwater samples collected from these locations, between April 2010 and March 2011, were analyzed for various organic and inorganic water quality parameters and heavy metals. Inter-parameter relationships studied provided vital information in deciding upon the treatment units most likely to be suitable for that particular sub-watershed. Multiple regression modeling helped in assessment of water quality parameters and predicting the quality well before actually analyzing the parameters and thus aided in developing treatment schemes suitable for taking care of the stormwater quality even under worst set of conditions. The outcomes of the research study effectively contributed toward conceptualizing a decentralized stormwater treatment system that would be capable of coping with the stormwater runoff-associated problems faced by the city and can serve as a model for other underdeveloped and developing cities having improper stormwater management facilities.
Introduction
Stormwater has been considered as a major pollution source for many urban waters (Davis et al. 2001; Birch et al. 2006) . Quantification and characterization of stormwater are important for the design of the stormwater treatment system and recharge well (Taebi and Droste 2004; Birch et al. 2005 ). The characterization is believed to help in deciding on the parameters for which treatment is needed and on the treatment scheme to be followed, since the pollution parameters are believed to vary with the watershed characteristics, with the intensity and depth of the storm events, and with the antecedent dry periods of the storm events (Hossain et al. 2011) . Knowing this variability is important in deciding on the treatment scheme and sizing of the treatment units. Many researchers have attempted to characterize stormwaters from small urban catchments/ watersheds (Yaziz et al. 1989; Deletic 1998; Choe et al. 2002; Chang et al. 2004; Chebbo and Gromaire 2004; Gnecco et al. 2005; Goonetilleke et al. 2005; Yusop et al. 2005) . But very little is known about urban stormwater characteristics in Indian context in general and Patiala city in particular.
Thus, for developing a stormwater management plan for Patiala city of Punjab, India, located within a bowl-like drainage basin with planar topography, assessment of the stormwater quality is of utmost importance and will significantly assist in deciding the treatment units to be included for obtaining the desired quality of stormwater.
Patiala city depends on groundwater for its water supply. Multitudes of municipal and private tube wells distributed across the city are used to extract the groundwater. The groundwater table is rapidly falling (many of the tube wells have already dried up), and salt level of the groundwater is increasing (Arora and Reddy 2013) .
Avoiding discharge of polluted stormwater, preventing flooding within the city and maintaining the groundwater table should be considered as utmost important while planning stormwater management system for the city. One such management strategy could involve division of the city into finite number of urban sub-watersheds and collecting stormwater at their outlets, treating the collected stormwater and finally disposing through groundwater recharging. The treatment systems and the groundwater recharge wells used should be sited at the lowest elevation points of the sub-watersheds and should preferably be very compact and mostly underground facilities. The treatment systems should be simple, rugged (requiring no human intervention especially during the storm events) and requiring least maintenance. Further, they should remain viable and maintained ready for the effective and efficient stormwater treatment (to the desired quality) during the storm events.
To achieve this objective, stormwaters from five selected sub-watersheds of the Patiala city were sampled (over six storm events during April 2010 to March 2011) and analyzed for characterization. Results obtained were used to identify the pollution parameters that should be targeted during the treatment. Interrelationships among the pollution parameters were understood and used in making decisions on the schemes of stormwater treatment. Further, efforts have also been made to model the stormwater characteristics vis-a-vis the storm event size and the antecedent dry period. These models would be sub-watershed specific and are supposed to help in assessing the stormwater characteristics of a sub-watershed and use in the treatment system development and design. Sizing of the treatment units can be done based on the hydrological studies at the sub-watershed level and quantification of stormwater. This portion of work, however, is not included in this paper.
Materials and methods

Characterization of the urban sub-watersheds and their demarcation
Five urban sub-watersheds indicated below were identified within the Patiala city to serve as sample catchments for the study. These represent the diversity of the urban watershed characteristics and conditions across the city:
1. Sub-watershed-1 (SW-1): Model Town 2. Sub-watershed-2 (SW-2): Civil Lines 3. Sub-watershed-3 (SW-3): Manjit Nagar 4. Sub-watershed-4 (SW-4): Preet Nagar 5. Sub-watershed-5 (SW-5): Bus Stand Figure 1 shows the demarcated sample catchments/subwatersheds.
The catchments differed in the forms of land development activities and housing density. Civil Lines subwatershed is predominantly a residential catchment. Manjit Nagar sub-watershed, located near Seona village, is a mix of rural and residential acreage. Preet Nagar sub-watershed contains mixed urban development. Model Town subwatershed is predominately commercial in character. Lastly, Bus Stand sub-watershed is a heavily travelled (heavy vehicular traffic) and polluted catchment. For each of the catchments, detailed background information on the following aspects given was collected:
• Slope and hydrological path lengths toward the point of flooding • Demographic features of the sub-watersheds • Sub-watershed area, shape and land-use patterns within the catchments • Social, economic and other activities of the subwatersheds
For information on the watershed characteristics, physical survey of the catchments, interviews with local people, topographical sheets, local zoning maps and maps available on the net (Google Maps, Encarta maps) were used. Patiala municipal council and Department of Town and Country planning, Punjab, were also depended on for the information. Data on storm/rainfall events were obtained from Indian Meteorological Department.
Sampling and analysis
For each of the five sample catchments, grab samples of stormwater were collected from the stormwater accumulation ditch, immediately after the rainfall event. Information on the rainfall event, such as depth of rainfall and number of dry antecedent days, was recorded for each of the events sampled. The samples were analyzed in the Environmental Laboratories of the Thapar University for the parameters pH, conductivity, total suspended solids (TSS), total dissolved solids (TDS), biochemical oxygen demand (BOD 5 ) for 5 day at 20°C, chemical oxygen demand (COD), total kjeldahl nitrogen (TKN), total phosphorous (TP), oil and grease, total coliform count, fecal coliform count and heavy metals (Zn, Cd, Ni, Pb, Fe and Cu) . Techniques given in the APHA 2005 were used for the analysis of the samples.
Statistical data processing
Statistical tools were used for assessing and formulating relationships between stormwater quality characteristics with the rainfall depth and antecedent dry period. The influence of antecedent dry days and volume of the rainfall was analyzed and modeled through multiple regression analysis for each of the watersheds separately. Regression models were formulated using software MiniTab version 16, and regression equations were formulated for all the identified significant parameters.
Further, correlations among the stormwater quality parameters were established using Spearman's nonparametric rank correlation procedure. Only the relationships with Spearman's R value [0.8 were considered as significant here. This procedure will help in identifying the parameters that can potentially serve as surrogates for the other parameters (could be helpful in reducing the number of parameters we did for characterization of stormwater).
The inter-parameter relationships obtained have been used in deciding the optimal scheme of treatment. Treatment of the stormwater for one parameter is believed to result in coincidental removal of other closely related parameters.
Rainfall data analysis and assessment of stormwater quality Rainfall events of less than 2.5 mm size (in some cases even up to 5 mm size) yielded too little stormwater to sample. No two storm events having antecedent dry days less than four were sampled as per guidelines specified in Caltrans Stormwater Monitoring Protocol Guidance Manual (Caltrans 2000 (Caltrans , 2002 .
Rainfall data obtained from Indian Meteorological Department for the period of 6 years (2006) (2007) (2008) (2009) (2010) (2011) were analyzed documenting the antecedent dry period and corresponding average rainfall that occurred over these years. The purpose behind such an assessment was to predict stormwater quality over the set of various conditions (best, average and worst) of storm events. Regression models were used in predicting the stormwater quality in terms of
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Civil Lines Manjit Nagar Preet Nagar Bus Stand potentially important parameters by making use of the regression equations developed. The results obtained will provide fair idea for range of the pollution parameters to be treated. These findings could be useful in deciding the units of treatment scheme. The sizing of these units will be based on the volumes of stormwater to be treated, and the concept of water quality treatment volume (WQv) has been employed for assessing the same and thus aiding in reduced requirement for capture and treatment.
Results and discussion
Characteristics of stormwater
Mean values of results obtained by analyzing the stormwater samples collected from the five sub-watersheds are listed in Table 1 . The water quality parameters, whose concentrations exceeded the effluent standards for safe disposal into inland surface waters, specified in Schedule VI of EP rules, 1986, have been identified as the major pollutants in urban stormwater and are indicated in Table 1 . Often in highly urbanized catchments, road surfaces can typically constitute up to 22 % of total catchment area and contribute up to 26 % of total runoff volumes with commensurate contributions to total 'heavy' metal (e.g., Cu, Pb, Zn) loads of 19-40 % (Davis and Birch 2010). Yusop et al. (2005) and Huang et al. (2007) had similar observation for TSS and COD during their research in a tropical urban catchment with a land-use composition of about 27 % agriculture, 37 % residential and commercial and 28 % lawn/parks/bushes. Current study observed similar trends with regard to the pollutant concentrations and showed considerable variations among the events and with the sub-watershed type. Among the catchments studied, highest concentration of oil and grease was observed in Model Town. This can be attributed to the commercial characteristic of the sub-watershed (has an automobile workshop within the catchment boundary). COD, TSS and coliform have also been found as major pollutants in the stormwater. The maximum concentration of BOD, COD and TSS (33.5, 325 and 269 mg/L, respectively) has been observed in the highly travelled and fully urbanized subwatershed of Bus Stand. Of the metals analyzed, only Cu, Fe, Zn and Pb were detected in the samples. Concentration of the metals, Ni and Cd, was below detection limits (0.30 and 0.01 mg/L, respectively). Maximum concentration of Cu, Fe and Zn (0.90, 93 and 2.02 mg/L, respectively) was observed in samples collected from the Bus Stand. The overall results indicate that the surface runoff of the Patiala city is badly polluted especially for TSS, COD and microbial count. • COD, TSS, oil and grease and the metals Cu, Fe and Zn are very much correlated with each other. It can be inferred that most COD and oil and grease constituents are particle bound and the metals are preferably inorganic particles. This is evident from the correlation matrix obtained in Table 2 , clearly indicating very strong correlation between COD-TSS (r = 0.858), TSS-Zn (r = 0.824) and TSS-oil and grease (r = 0.972).
• All the heavy metals are very strongly correlated with each other and show a strong correlation with TSS, confirming that they are mostly particle bound and also it can be postulated that removal of any one of these contaminants can coincidently result in the removal of others.
• TDS, BOD, TKN, fecal and total coliform form other correlated group.
Sub-watershed-2: Civil Lines (residential), Table 3 . • Total-P and TKN are not correlated with each other and with TSS as indicated in Table 3 . However, TKN is weakly correlated with TDS, suggesting that most of the nutrients are in dissolved form.
• COD, oil and grease and heavy metals Cu are strongly correlated with each other and with TSS COD-TSS (r = 0.963), TSS-oil and grease (r = 0.974).
• Total coliform and fecal coliform show strong correlation (r = 0.998) for this residential sub-watershed, suggesting fecal matter to be the source of microbial contamination.
Sub-watershed-3: Manjit Nagar (rural acreage residential), Table 4 .
• TKN is weakly correlated with TSS (r = 0.669), suggesting most of the nitrogen to be in dissolved form.
• TSS, BOD, oil and grease and heavy metals Cu and Fe are correlated with each other. Strong correlation is indicated in Table 4 : TSS-oil and grease (r -0.981), TSS-Fe (r = 0.833), TSS-Cu (r -0.887) • Total coliform and fecal coliform show strong correlation for this rural acreage sub-watershed (r = 0.875), suggesting fecal matter to be the prime source of microbial contamination.
Sub-watershed-4: Preet Nagar (mixed urban), Table 5 .
• Total-P and TKN are strongly correlated with each other (r = 0.977) but are not correlated with TSS as indicated in Table 5 . Hence, most of the nutrients are in dissolved form.
• Biodegradable organic pollutants, TSS and oil and grease are strongly correlated with each other, BOD-TSS (r = 0.868), TSS-oil and grease (r = 0.990).
• Heavy metals Fe, Cu and Zn exist primarily in dissolved form for this sub-watershed.
• Total coliform and fecal coliform show strong correlation (r = 0.999) for this residential sub-watershed suggesting fecal matter to be the source of microbial contamination.
Sub-watershed-5: Bus Stand (heavily travelled urban), Table 6 .
• TKN, oil and grease and the heavy metals Fe, Cu and Zn are strongly correlated with each other and exist primarily in dissolved form for this sub-watershed, r value [0.9 have been observed as indicated in Table 6 .
• BOD, COD and total coliform are particle bound and form strong correlation with TSS.
• Total coliform and fecal coliform show weak correlation (r = 0.694) for this urbanized sub-watershed suggesting other sources of microbial contamination than fecal matter.
The results obtained in effect mean that the mere provision of standard structural measures such as structural best management practices (BMPs) may not be necessarily effective in removing water quality pollutants. Any structural measures to be adopted should depend on targeted pollutants, and management strategies adopted should take into consideration the rainfall, runoff and physical characteristics of the area. The inter-parameter relationship assessment could help a great deal in selecting a scheme of treatment targeted toward the removal of certain selected parameters and not all the constituents as the removal of a certain parameter can coincidentally result in the removal of those associated with it.
Stormwater quality assessment through modeling
Stormwater is usually of better quality than untreated sewage or industrial discharge (Mitchell et al. 2002; Hatt et al. 2006 ) and as such has better public acceptance for utilization. All these factors make it a potentially valuable resource for water supply substitution after suitable treatment. In order to prioritize the implementation of stormwater treatment measures, urban waterway managers need to be able to predict and assess their performance, both individually and in various combinations. There is thus a strong demand for predictive models that can be applied across a range of locations and conditions, to predict the general characteristics of stormwater and performance of a range of stormwater treatment measures (Phillips and Thompson 2002) . It is practically impossible to analyze each and every storm event, but one can predict the pollutant concentration using the regression models (Arora and Reddy 2014) . This prediction can serve as an effective tool in deciding for the scheme of treatment for particular design storm with the known concentrations of pollutants that are expected to be taken care off. Site and event parameters (antecedent dry period, cumulative seasonal rainfall, drainage area and annual average daily traffic) were found to have significant influences on pollutant load, as reported earlier (Graves et al. 2004; Kayhanian et al. 2007 ). Pollutant load from urban surface runoff depends largely on both buildup and washup processes. The buildup depends on the ADD, land use, wind speed and traffic. Wash off may be a function of rainfall intensity and other factors (Kim et al. 2005 (Kim et al. , 2006 . Few researchers determined the effect of the antecedent dry period in their study of stormwater discharge (Saget et al. 1996; Lee et al. 2002) . (Ball et al. 1998 ) tried to find a buildup model using regressions of ADD. It is believed that the rainfall intensity has a negative effect on the pollutant load accumulated and is responsible for the wash off or diluting of the pollutants. Keeping this in mind, modeling was done with the interest of predicting the concentrations of the pollution parameters, knowing the two variables of ADD and rainfall. Strength for the model fit was observed to be greatest for TSS and oil and grease for all the subwatersheds, suggesting that the two parameters can be interpreted knowing the two variables of ADD and rainfall.
Rainfall against antecedent dry days was analyzed for different set of conditions over the 6-year period. Multiple regression models were used for stormwater quality assessment under three set of conditions: firstly, worst conditions for stormwater quality [minimum rainfall (13 mm) and maximum dry period (98 days)]; secondly, average or moderate conditions [average rainfall (56 mm) and average length of dry period (30 days)]; lastly, best conditions for stormwater quality [maximum rainfall (115 mm) and minimum dry days (5 days)]. The values have been obtained using regression equation in cases where the R 2 value is greater than 2-sigma value in a normal distribution, i.e., 95 %. It is believed that this criterion will yield strong, moderate and weak relationships in terms on R 2 values and signify the importance and reliability of the obtained results through regression modeling. In cases where R 2 values are less than 1 sigma, i.e., 68.2 %, it is assumed that weak or no relation is observed and hence regression equations will provide misleading results. In such cases maximum, minimum and average values obtained by actual analysis of parameters were used. The assessment of water quality parameters will help in predicting the quality well before actually analyzing the parameters and thus aid in developing treatment schemes suitable for taking care of the stormwater quality even under worst set of conditions. Scheme of treatment and commenting its suitability Scheme of treatment has been conceptualized keeping in mind the target pollutants decided by estimating the failing frequency of a particular parameter in a sub-watershed. Microbial count and Fe have failed in all the stormwater samples collected from respective sub-watersheds and have been listed as top priority pollutants followed by oil and grease, TSS and COD.
Inter-parameter relationships established through correlations have been listed in Table 7 . These relationships appreciably guided in making selections for the minimum number of treatment units required for attaining stormwater of desired quality.
Based on the correlations observed among different parameters, it is postulated that the removal of TSS, oil and grease, BOD, Fe and coliform will effectively take care of Taking into account the significant parameters along with the interparameter relationships obtained, the treatment scheme should be designed for BOD, TSS, oil and grease, Fe and coliform removal the rest of the parameters. So the scheme of treatment that will be most suitable for all the sub-watersheds should have the following units:
• Screen: for the removal of the litter, leaves and bigger size particles that will come along with stormwater.
• Cyclone de-gritter: for grit removal and removal of heavier particles or suspended solids to avoid clogging of the filters • Clarification/filtration unit: clarification for removing oil and grease.
• Multi-grade up-flow filter-I: consisting of layers of greater size pebbles followed by coarse sand for removal of sediment and biodegradable organics. This unit will act as a biological treatment unit and will result in BOD and COD reduction from the stormwater.
• Multi-grade up-flow filter-II: consisting of smaller size sand particles decreasing in size. This filter in addition to biological processes is supposed to take care of the coliform count.
• Final filtration unit: Designed for removal of the additional pollutants remaining in the treated stormwater.
It is believed that such an up-flow multi-grade multistage filter will be able to treat the stormwater to the level safe for groundwater recharge and will satisfy the quality requirements for groundwater recharging. Figure 2 provides the layout of the treatment scheme conceptualized. During the dry periods, gray water from the residential compartments will be allowed to pass through the treatment unit. This will, in addition to conserving water, keep the treatment system functional during dry days and enhance the groundwater recharge potential.
Conclusion
Comparison of the results obtained by analyzing the collected stormwater samples with the prescribed effluent standards for discharge into inland surface waters indicated that BOD, COD, TSS, oil and grease, total coliform count, fecal coliform count, Pb and Fe are the important pollution parameters and should be focused on during the stormwater treatment.
While TSS, COD and oil and grease are the critical pollution parameters for all the five sub-watersheds, major pollutants from surface runoff is generated from commercial catchment of model town with mean concentration of 114.5, 214 and 143 mg/L and urbanized catchment of Bus Stand with mean concentration of 268.5, 325 and 106 mg/ L. Of all the sub-watersheds, the water quality of the residential catchment of Civil Lines was better as compared to the others, barring the microbial count which was observed to be the highest for this sub-watershed. This paper identifies appreciable insights into nonurban, urbanizing, mixed urban and urban catchments. The common management technique of dealing with suspended materials as a primary treatment for urban stormwater quality is shown to be less effective. TP, TKN, TDS and oil and grease may not be taken care of as desired. It is important that predictive models be developed to take these characteristics into consideration.
Further, the study signified the need to focus toward removal of targeted pollutants while taking into account the catchment characteristics, ADD and rainfall intensity along with the inter-parameter relationship and proposed appropriate and justified scheme of treatment which is believed to be suitable for treating the stormwaters of the city. 
